lineages, most notably in the genera Aleuritopteris , Argyrochosma , Notholaena , and Pentagramma ( Wollenweber and Schneider, 2000 ; Sigel et al., 2011 ) . When present, farina is typically found on the abaxial leaf surface and is thought to protect the plant against overheating and desiccation. Under prolonged drought, the leaves curl up leaving only their highly refl ective, farinose undersides exposed ( Hevly, 1963 ; Wollenweber, 1984 ) .
Consensus on generic delimitations within cheilanthoid ferns has so far proven elusive. Current evidence suggests that morphological characters traditionally used for generic circumscription in the group are homoplastic, likely due to extensive morphological convergence resulting from their colonization of extreme habitats ( Gastony and Yatskievych, 1992 ; . Although DNA data have been useful in resolving well-supported clades, these clades often do not possess obvious, nonmolecular synapomorphies. As part of an effort to identify morphological characters that differentiate these clades, we here investigate the occurrence of farina on the gametophytes of a broad sampling of cheilanthoid ferns. This trait has been considered a possible synapomorphy of the genus Notholaena (sensu Windham, 1993 ) , as it occurs in every species previously sampled ( Woronin, 1907 ; Tryon, 1947 ; Giauque, 1949 ; Pray, 1967 ; Knobloch et al., 1973 ; Wollenweber, 1984 ; Windham, 1993 ) and has not been confi rmed in any other clade.
A recent phylogenetic study by sampled most species of Notholaena , as well as closely related taxa assigned to Cheilanthes and Cheiloplecton . This study identifi ed a monophyletic " core Notholaena " in which all members [Vol. 99 aged, they often produced identical hairs (and waxy exudate) on the upper gametophyte surface. Gametophytic farina appeared white in color, regardless of the color of the farina on its corresponding sporophyte. All notholaenids assayed in this study ( Table 1 ) produced farina in the gametophytic phase except for the following species: Cheilanthes leucopoda , Cheiloplecton rigidum , Notholaena aureolina , N. brachypus , and N. jaliscana. Gametophytes of the two varieties of Cheiloplecton rigidum both lacked farina but differed slightly in gross morphology; the gametophytes of var. lanceolatum were relatively smooth along the edges ( Fig. 1B ) , while those of var. rigidum were jagged ( Fig. 1C ) . All outgroup species assayed, including those with farinose sporophytes, produced nonfarinose gametophytes ( Fig. 1S -Fig. 1AA ).
In our analysis of the concatenated plastid DNA data set, nearly all of the branches of the resulting tree were highly supported, with bootstrap values ≥ 70% ( Fig. 2 ) . The consensus tree is mostly congruent with that of , but includes an expanded sampling of species in core Notholaena along with a few outgroup species (e.g., Cheilanthes bolborrhiza ) not previously analyzed.
DISCUSSION
All land plants share a life cycle that alternates between a diploid sporophytic phase and a haploid gametophytic phase. In ferns and lycophytes, however, these two phases are free-living and completely independent of one another; hence, a detailed knowledge of the morphology and ecology of both phases is critical for a comprehensive understanding of fern biology ( Stokey, 1951 ; Atkinson, 1973 ) . The cryptic but equally important gametophytic phase of the fern life cycle has received renewed and welcome attention in recent years ( Watkins, 2008 ; Watkins et al., 2007 ) , but much remains to be done.
Our study demonstrates, once again, that viable spores are readily available from herbarium specimens ( Windham and Haufl er, 1986 ; , gametophytes are inexpensive to cultivate, and important new data can be obtained with relatively little effort. Spores from recent specimens (collected within the last 5 years) hold the most promise, but we were able to germinate spores from one specimen that was more than 20 years old ( Fig. 1E , Table 1 , Notholaena aliena ). Spores that germinated almost always did so within 1 month after sowing and sometimes in as little as 1 week.
In our phylogenetic analysis of the plastid DNA data, we recovered a tree topology that is consistent with the previous molecular study of the group by . Our sampling differed from theirs in having a greater number of species representing the notholaenid clade, as well as a greater variety of farinose and nonfarinose cheilanthoid outgroups. Our analysis reinforced the fi nding by that the notholaenids form a well-supported clade ( Fig. 2 ) . Additionally, we showed that members of the notholaenid clade ( Fig. 2 ) are consistent in farina production across their life cycle; a species with farinose sporophytes will have farinose gametophytes, and a species with nonfarinose sporophytes will have nonfarinose gametophytes ( Fig. 2 ) . The exceptions to this pattern are the sister taxa Notholaena aureolina and N. jaliscana , which did not display farina in their gametophytes despite having farinose sporophytes ( Figs. 1, 2 ). In this regard, it is interesting to note that the sporophyte of N. jaliscana is unique in being only sparsely farinose (see Mickel and Smith, 2004 , as Cheilanthes are farinose in the sporophytic phase and a broader notholaenid clade that included several species with nonfarinose sporophytes. Two nonfarinose species, Notholaena brachypus and Cheiloplecton rigidum , are nested within the genus as traditionally defi ned, in clades sequentially sister to core Notholaena . A third nonfarinose species, Cheilanthes leucopoda , is strongly supported as sister to all other notholaenids. With the addition of these three members to the clade, farinose sporophytes no longer serve as an obvious morphological synapomorphy for the notholaenids. Here we focus on whether farina expression in the gametophytic phase may instead be a potential unifying characteristic for the clade. By assaying gametophytes from a broad sampling of cheilanthoids, we can also examine the potential correlation between sporophytic and gametophytic farina production in notholaenid ferns.
MATERIALS AND METHODS
Taxon sampling and spore sowing -Special emphasis was placed on maximizing our sampling within the notholaenid clade and on including species with farinose sporophytes from related clades. Spores were obtained from herbarium specimens of 19 notholaenid species and from nine outgroup taxa ( Table 1 ). All three notholaenids with nonfarinose sporophytes, Cheilanthes leucopoda , Cheiloplecton rigidum , and Notholaena brachypus , were included in the sampling, as were both varieties of Cheiloplecton rigidum . Species with farinose sporophytes were selected from both inside and outside of core Notholaena to represent as many notholaenid subclades as possible. Unsterilized spores were directly sown onto Hevly ' s medium (pH 7) in 60 × 15 mm petri plates ( Hevly, 1963 ) . The plates were sealed with Parafi lm and positioned right-side up with 8 h of fl uorescent light per day at approximately 23 ° C. Light micrographs of developing gametophytes were taken with a Canon EOS Rebel XSi digital camera mounted on a Leica MZ 12.5 dissecting scope. Linear adjustments to contrast and brightness were made using Preview (version 4.2; Softonic, San Francisco, California, USA) to make the presence or absence of farina more evident. Images were then assembled using Adobe (San Jose, California) Illustrator CS3.
Phylogenetic analysis -Our phylogenetic study included 49 taxa (30 notholaenids and 19 outgroup taxa; see Appendix 1) analyzed for three plastid loci, atpA , trnG-R , and rbcL . Ninety-seven sequences were obtained from GenBank and 38 were newly generated for this study; missing data constituted only 8% of the entire matrix (Appendix 1). DNA extraction, amplifi cation, and sequencing followed the protocols of . Sequences were manually edited in Sequencher (version 4.10.1) and aligned in MacClade (version 4.07). For each locus alignment, we performed maximum likelihood (ML) bootstrapping in Garli 2.0 ( Zwickl, 2006 ) under a GTR +G +I model, with 500 bootstrap repetitions, each optimized from two random-addition-starting trees. The resulting three consensus trees were visually compared to determine if there was any signifi cant disagreement among loci (confl icting branches with bootstrap values ≥ 70%). Because the consensus trees were congruent, the alignments for the three loci were concatenated using the program abioscript ( Larsson, 2010 ) , with ambiguous areas of the alignment excluded. The fully concatenated alignment was analyzed in Garli 2.0 ( Zwickl, 2006 ) under a GTR +G +I model. Each locus was given its own partition, with substitution parameters unlinked among partitions. Ten individual searches were performed from different random starting trees. A bootstrap search of 500 replicates was performed on the concatenated data under the above model, but with only two search repetitions per bootstrap data set.
RESULTS
Spores that germinated successfully did so, on average, 1 -3 wk after sowing. Gametophytes producing farina (see Fig. 1 ) typically initiated the process 2 -3 wk after germination. Farina production was marked by the development of small, gland-tipped hairs along the margins of the gametophyte, which soon exuded a waxy substance from the terminal gland. As gametophytes 2 . Maximum likelihood topology for notholaenid ferns resulting from phylogenetic analysis of a concatenated data set of three plastid loci ( atpA , trnG-R , and rbcL ). The tree is rooted by related cheilanthoid clades; clade names follow Windham et al. (2009) and . Branches with bootstrap support ≥ 70% are thickened. Branch tips terminate in shaded boxes that indicate the farinose condition observed for the sporophytic and gametophytic phases of that taxon. The source for determining the gametophyte status for each taxon is listed to the right of the fi gure: TS = cultivated for this study; 1 = Giauque (1949) ; 2 = Hitt and Knobloch (1967) ; 3 = Knobloch et al. (1973) ; 4 = Nayar and Bajpai (1964) ; 5 = Pray (1967) ; 6 = Ranal (1991) ; 7 = Tryon (1947) ; 8 = Whittier (1965) ; 9 = Windham, personal observation; 10 = Wollenweber (1984) ; 11 = Woronin (1907) . 1 Originally identifi ed as C. tomentosa in Whittier (1965) , later corrected to C. castanea (= C. eatonii ) by Whittier (1970) . [Vol. 99 aurea var. palmeri ). The gametophyte of N. ochracea , which is closely related to N. aureolina and N. jaliscana ( Fig. 2 ) , has yet to be observed. None of the outgroup species with farinose sporophytes had farinose gametophytes ( Fig. 2 ) . Although Giauque (1949) reported occasional wax-exuding glands on the gametophytes of Aleuritopteris argentea and A. farinosa , the samples of these two species included in our study did not produce farina on their gametophytes.
Our data suggest that the consistent expression of farinaproducing trichomes across both phases of the life cycle may represent a synapomorphy for notholaenid ferns. The sharing of trichome traits between sporophytes and gametophytes has been previously reported in a few other fern lineages (e.g., Thelypteris ; Mu ñ iz-D í az de Le ó n, 2008 ), but the underlying genetics have not yet been investigated. Our documentation of this potential synapomorphy illustrates the importance of including observations from the gametophytic phase in morphological and ecological studies of ferns, especially for ferns living in similarly extreme environments, where extensive morphological convergence in the sporophytic phase blurs and complicates classifi cation. In a clade that includes 30+ species, only a single potential reversal of this feature was observed, along the branch uniting Notholaena aureolina and N. jaliscana . We currently lack gametophyte data for two species included in our phylogenetic analysis: N. rosei , a member of core Notholaena , and N. ochracea , a close relative of N. aureolina and N. jaliscana ( Fig. 2 ) . On the basis of patterns observed in the present data set, we predict that the gametophytes of N. rosei will prove to be farinose, whereas those of N. ochracea will lack farina-producing hairs. The ability to distinguish major lineages of cheilanthoid ferns based on differences in gametophyte morphology might provide an opportunity to conduct crucial in situ studies of gametophyte ecology in xeric-adapted ferns.
In addition to noting simple presence or absence of farina, the chemical composition of farina has proven to be an important phylogenetic character at various taxonomic levels among cheilanthoid ferns ( Wollenweber, 1984 ; Windham 1987 ; Wollenweber and Schneider, 2000 ; Sigel et al., 2011 ) . Our observation that the farina produced by gametophytes appears white, regardless of the color of the sporophytic farina, suggests that there may be chemical disparities potentially related to functionality. On sporophytic leaves, the usually dense waxy exudate is thought to " reduce transpiration by its lipophilic nature, " " [refl ect] excess irradiation, " and " reduce air movement over the epidermis " ( Wollenweber, 1984 , p. 4) . Nothing is known about the function of the sparse farina observed on gametophytes, which raises an important question: Does farina serve an adaptive function in the gametophyte, or is its presence there simply a byproduct of its occurrence on the sporophyte? A study comparing the genetic mechanisms and adaptive significance of farina production across the fern life cycle would be a major contribution to understanding the ability of cheilanthoid ferns to survive and thrive in xeric environments.
